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Pd/Si02  c a t a l y s t s  w i th  and wi thou t  promoters  f o r  methanol s y n t h e s i s  have 
been p rev ious ly  s t u d i e d  (1-6),  w i t h  p a r t i a l l y  c o n t r a d i c t o r y  conc lus ions .  Lunsford .  
e t  a l .  (3$, concluded t h a t  Pd s t r u c t u r a l  e f f e c t s  p l a y  an  impor t an t  r o l e  i n  t h e  
a c t i v i t y  of t h e  c a t a l y s t ,  s i n c e  c a t a l y s t s  w i t h  small Pd c r y s t a l l i t e s  produce  
methanol wh i l e  l a r g e r  c r y s t a l l i t e s  produce methane. Such s t r u c t u r a l  e f f e c t s  can b e  
induced by d i f f e r e n t  g rades  of s i l i c a  suppor t .  On t h e  o t h e r  hand, Ponec, e t  a l .  
(1 ,6)  b e l i e v e  t h a t  e l e c t r o n i c  f a c t o r s  a r e  more impor t an t  and Pd I1 "ions" are t h e  
Cen te r s  f o r  CO a c t i v a t i o n .  The number of such  s i tes  is presumably i n c r e a s e d  by t h e  
presence  of a l k a l i  metals. The e f f e c t  of a l k a l i  metals  such  as L i  appea r s  t o  be  
more complex ( 1 , 5 ) .  Whatever the  n a t u r e  of t h e  a c t i v e  c e n t e r s ,  t h e  a d d i t i o n  of 
b a s i c  metals as w e l l  a s  t h e  use  of  b a s i c  s u p p o r t s  (4)  promotes r e a c t i v i t y .  

EXPERIMENTAL 

The r e a c t o r  used i n  t e s t i n g  t h e  methanol s y n t h e s i s  c a t a l y s t  was a v e r t i c a l  
1/2" s t a i n l e s s  s teel  tube  enc losed  i n  a h inged  f u r n a c e .  Cy l inde r  CO and H 2  were f e d  
i n t o  t h e  system v i a  p r e s s u r e  r e g u l a t o r s  and Brook ' s  mass f low c o n t r o l l e r s .  
d e s i r e d  p res su re  was main ta ined  a t  t h e  r e a c t o r  o u t l e t  by a pneumat i ca l ly  ope ra t ed  
r e s e a r c h  c o n t r o l  va lve .  O u t l e t  f l ows  were measured by a w e t  tes t  meter. 

The 

Four grams of  vacuum-dried c a t a l y s t  (14-20 mesh) w e r e  d i l u t e d  ( i f  necessa ry )  
t o  a 10 c c  volume wi th  a-alumina p a r t i c l e s  and p l aced  c e n t r a l l y  i n  t h e  r e a c t o r .  The 
c a t a l y s t  was p r e t r e a t e d  i n  s i t u  by  pass lng  N, a t  150°C f o r  30 minutes .  and then  
pass ing  H 2  a t  340°C f o r  1 hour .  A c t i v i t i e s  were measured a f t e r  two hour s  runn ing  i n  
a H l / C O  feed  of mole r a t i o  2 /1 .  

I n f r a r e d  a n a l y s i s  were performed on a computer ized  I R  Beckman 4260 as 
p rev ious ly  desc r ibed  (7). C o r r e c t i o n s  were a p p l i e d  f o r  changes i n  background bands  
( a r i s i n g  from t h e  suppor t )  caused  by c o o l i n g  of t h e  sample when CO was admi t t ed  t o  
t h e  cel l .  Some s p e c t r a  were recorded  wi th  a Perkin-Elmer 1550 FTIR spec t romete r .  

The c a t a l y s t s  were prepared  using two d i f f e r e n t  ba t ches  of Davison s i l i ca  
g e l ,  57 and 59. 

Impregnated c a t a l y s t s  were prepared  by t h e  i n c i p i e n t  we tness  technique .  Pd 
ion  exchanged c a t a l y s t s  were p repa red  by t h e  fo l lowing  procedure :  The r e q u i r e d  
amount of  Pd (NH,)s(NO,), s o l u t i o n  was added t o  a s l u r r y  of t h e  mix tu re  g e l  and 
wa te r .  
After mixing f o r  1 hour ,  t h e  s i l i c a  w a s  washed and f i l t e r e d  and ,  f i n a l l y ,  c a l c i n e d  
a t  300°C f o r  2 h o u r s .  For the  L i  doped samples ,  L i  was added a s  t h e  hydroxide  p r i o r  
t o  t h e  Pd impregnat ions .  

RESULTS AND DISCUSSION 

The water  w a s  a l k a l i z e d  by adding  a few d rops  of NH+OH t o  make t h e  pH -9.5.  

A c t i v i t y  Measurements 

The r e p r o d u c i b i l i t y  of  a c t i v i t y  measurements by t h e  r e a c t o r  was t e s t e d  and 
found t o  be about  220% of  t h e  a b s o l u t e  va lue  i n  terms of CO conve r t ed .  
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Some p r e l i m i n a r y  r e s u l t s  on  p r e t r e a t m e n t  v a r i a t i o n s  i n d i c a t e d  t h a t  t h e  
i n i t i a l  a c t i v i t y  of t h e  unreduced Pd c a t a l y s t s  was h a l f  t h a t  o f  t h e  f u l l y  reduced 
c a t a l y s t ,  b u t  that  o n  i n c r e a s i n g  time on scream, t h e  a c t i v i t y  approached t h a t  of t h e  
f u l l y  p r e t r e a t e d  c a t a l y s t .  

Two d i f f e r e n t  b a t c h e s  of 'Davison  s i l i c a ,  #57 and 1/59, were used  i n  p r e p a r i n g  
t h e  c a t a l y s t s .  
d i f f e r e n c e s  i n  t h e  r e s u l t s  observed ,  as shown i n  T a b l e  I .  

Although s p e c i f i c a t i o n s  f o r  t h e  two were t h e  same, t h e r e  were some 

T a b l e  I. V a r i a t i o n  i n  S i l i c a  Suppor t  

C o n d i t i o n s :  500 p s i g ,  SV = 900 hr- ' ,  275°C 
and H,:CO = 68.2:31.8 

Method of % CO Converted 
C a t a l y s t  Pd Addi t ion  t o  MeOH 

5% Pd/SiO, 57 Impregnated 0.8 
5% Pd/Si02 59 w i t h  PdC12 s o l u t i o n  2.5 

5% Pd/SiO, 59 Pd(NH3) b(N03)z 3 .O 
5% Pd/1.6% Li/SiO2 5 7  Impregnated w i t h  4.6 
5% Pd/ l .6% Li/SiOZ 5 9  PdC1, s o l u t i o n  6.0 

5% Pd/SiO, 57 I o n  exchanged w i t h  1 .2  

I n  a l l  c a s e s ,  Davison 59 showed a n  i n c r e a s e  i n  a c t i v i t y  over  Davison 57 .  
However, t h e  i n c r e a s e  was s m a l l e s t  w i t h  t h e  L i  promoted c a t a l y s t ,  s u g g e s t i n g  t h e  
d i f f e r e n c e s  i n  a c t i v i t y  may a r i s e  out o f  d i f f e r e n c e s  i n  t h e  amount o f  r e s i d u a l  
a l k a l i  meta l  contaminant .  

D i f f e r e n c e s  i n  t h e  mode of adding  Pd t o  t h e  s u p p o r t  e v i d e n t l y  made l i t t l e  
d i f f e r e n c e  i n  t h e  a c t i v i t y  of t h e  c a t a l y s t  as shown by t h e  d a t a  of T a b l e  11. 

Table  11. V a r i a t i o n  i n  Pd A d d i t i o n  
Condi t ions :  As i n  Table  I 

C a t a l y s t  Method of Pd Addi t ion  % CO Converted t o  MeOH 
5% Pd/SiO, 59 Impregnated wi th  PdC1, 2 .5  
5% Pd/SiO, 59 Impregnated wi th  Pd(N03), 2.0 
5% PdlSiO, 59 I o n  Exchanged w i t h  Pd(NH3)4(N03), 2 .0  
1.5% Pd/SiO, 57 Impregnated wi th  PdC12 0 . 9  
1.5% Pd/SiO, 57 Impregnated with Pd(N03), 0.8 

These d a t a  were o b t a i n e d  on c a t a l y s t s  ion-exchanged w i t h  amino n i t r a t e  
complex o r  impregnated w i t h  e i t h e r  t h e  n i t r a t e  o r  c h l o r i d e  s a l t .  

S i g n i f i c a n t  d i f f e r e n c e s  were observed  when L i  was added a s  a promoter .  

Table  111. E f f e c t  of Li thium Promotion 
Condi t ions :  A s  i n  Table  I 

C a t a l y s t  
5% Pd/Si02 57 
5% P d / S i O ,  57 + 1 .6% Li 
5% P d / S i O z  59 
5% Pd/Si02 59 + 1.6% L i  
5% Pd/SiO, 59 
5% P d / S i O ,  59 + 1.6% L i  
1.5% Pd/SiO, 59 
1.5% Pd/SiO, 59 + 1.6% L i  

Method of Pd Addi t ion  
Impregnated w i t h  
PdC1, 
Impregnated w i t h  
PdC1, 
Impregnated w i t h  
Pd(NO,), 
I o n  exchanged w i t h  
Pd(NH3) 4 ( N 0 3 ) ~  
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% CO Converted t o  MeOH 
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4 . 6  
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6.0 
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5.0 
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\ 

\ 

Table  111 shows t h a t  L i  always i n c r e a s e d  t h e  a c t i v i t y  for e v e r y  c a t a l y s t  
type  used. The i n c r e a s e ,  however, w a s  s m a l l e s t  f o r  t h e  Pd i o n  exchanged on s i l i c a  
59 p o s s i b l y  s i n c e  wi thou t  L i  t h i s  c a t a l y s t  had a h ighe r  a c t i v i t y ,  b u t ,  a l s o .  t h i s  
sma l l e r  i n c r e a s e  could  be a r e s u l t  o f  t h e  absence  of r e s i d u a l  a l k a l i  i n  t h e  s u p p o r t .  

I n f r a r e d  Spec t r a  

F igu res  1 t o  5 r e p r e s e n t  I R  s p e c t r a  of CO adsorbed  on some of t h e  c a t a l y s t  
samples whose a c t i v i t i e s  were measured i n  a t t e m p t i n g  t o  r e l a t e  c a t a l y s t  performance 
t o  c a t a l y s t  s u r f a c e  p r o p e r t i e s .  Each spec t rum i s  c h a r a c t e r i z e d  by bands  n e a r  -2075 
and 1975 cm-l cor responding  t o  weakly-held CO p r e v i o u s l y  a s s igned  t o  l i n e a r  and 
br idged  bonding of CO on Pd, r e s p e c t i v e l y  (E). The s p e c t r a  a f t e r  e v a c u a t i o n  and 
t h e r e f o r e  re r e s e n t i n g  s t r o n g l y  he ld  CO, t y p i c a l l y  show less i n t e n s e  bands n e a r  2060 
and 1900 cm-', aga in  r e f l e c t i n g  l i n e a r  and b r idged  CO.  Add i t iona l  bands  can  a l s o  be 
seen .  

' 
These probably  r e f l e c t  v a r i o u s  b r idged  CO s p e c i e s  h e l d  on d i f f e r e n t  c r y s t a l  

\ f a c e s  (8). 

F igu res  1 and 2 show s p e c t r a  of CO on 5% Pd/Si02  made by impregna t ion  of  t h e  
c h l o r i d e  and n i t r a t e  salt r e s p e c t i v e l y .  Although t h e  g e n e r a l  f e a t u r e s  a r e  similar,  
some d i f f e r e n c e s  a r e  observed  i n  r e l a t i v e  i n t e n s i t i e s  of t h e  bands n e a r  2075 and 
1975 cm-I cor responding  t o  a weakly-held l i n e a r  and b r i d g e  bonded CO. 
can a l s o  be seen  i n  t h e  f r e q u e n c i e s  of bands caused by s t rong ly -he ld  CO remain ing  
a f t e r  evacua t ion .  No d i f f e r e n c e  was observed  i n  t h e  re la t ive a c t i v i t i e s  of t h e  two 
c a t a l y s t s ,  however. 

D i f f e r e n c e s  

F igure  3 shows s p e c t r a  of CO on 1.5% Pd/SiOZ (ex .  PdC12) which w a s  r u n  on 
t h e  FTIR. Th i s  was t h e  on ly  case where a band a t  2165 cm-I was d e t e c t e d .  

F igure  4 shows t h e  e f f e c t  of L i  on t h e  CO/Pd s p e c t r a  ob ta ined  f o r  1.5% Pd 
ion-exchanged on Davison 59 s i l i c a .  The spec-  
trum of CO on t h e  c a t a l y s t  shows s i g n i f i c a n t  d i f f e r e n c e s  from t h o s e  on  t h e  impreg- 
na t ed  c a t a l y s t s .  A much more i n t e n s e  l i n e a r  CO band is  observed and a r e l a t i v e l y  
weaker bridge-bonded CO band. No d i f f e r e n c e  i s  seen  i n  t h e  l i n e a r  CO bands  (2060 

b r idged  CO bands ,  y e t  a sma l l  i n c r e a s e  i n  a c t i v i t y  was no ted .  
b r idged  CO bands i n  t h e  1850-1950 cm-l appear  t o  be p r o g r e s s i v e l y  dec reased  i n  
i n t e n s i t y  and s h i f t e d  t o  lower  f r e q u e n c i e s  as L i  c o n t e n t  i n c r e a s e s .  

(Note change i n  absorbance  s c a l e . )  

I 

\ and 2090 cm-l) when L i  i s  p r e s e n t .  Only a s l i g h t  d i f f e r e n c e  e x i s t s  between t h e  
The s t rong ly -he ld  

F igure  5 shows s p e c t r a  of CO on t h e  c a t a l y s t s  of  F igu res  1 and 2 ,  r e spec -  
t i v e l y ,  a f t e r  t h e  a d d i t i o n  of L i .  
e f f e c t  of L i  on t h e  CO s p e c t r a  i n  t h e  r e g i o n  above 1950 cm I n  t h e  r e g i o n  below 
1950 cm- l ,  however, t h e r e  was a s i g n i f i c a n t  i n c r e a s e  i n  b o t h  weakly and s t r o n g l y  
he ld  b r idged  C O .  There w a s  a l a r g e  co r re spond ing  i n c r e a s e  i n  a c t i v i t y ,  by  f a c t o r s  
of 6 and 3 ,  r e s p e c t i v e l y ,  when L i  w a s  p r e s e n t .  

Comparison w i t h  F igures-1  and 2 shows v e r y  l i t t l e  

DISCUSSION 

Spec t r a  of CO on Pd have  been thoroughly  d i s c u s s e d  e l sewhere  (9 ) .  I t  was 
i n i t i a l l y  hoped, and expec ted ,  t h a t  among t h e  v a r i e t y  of d i f f e r e n t  t y p e s  of bands 
observed  f o r  CO adsorbed  on s i l i c a - s u p p o r t e d  Pd some c o r r e l a t i o n  would be  found w i t h  
methanol s y n t h e s i s  a c t i v i t y .  No obvious  c o r r e l a t i o n  was, i n  f a c t ,  a p p a r e n t .  Some 
p rev ious  s p e c u l a t i o n  appea r s  t o  have  been  exc luded  by t h e  ev idence ,  however,  and 
p o s s i b l e  exp lana t ions  f o r  L i  promotion can  be  o f f e r e d .  

Carefu l  a t t e n t i o n  was pa id  t o  p o s s i b l e  a d s o r p t i o n  of  CO on PdZC i o n s ,  which 
woufd have been expec ted- to  g i v e  bands above 2100 cm apd even, by ana logy  w i t h  
N i Z  , as h igh  as 2195 cm 
i n  only  one i n s t a n c e .  T h i s  was observed  wi th  t h e  1 .5% Pd/SiOz (ex.  PdCIZ) sample 
(F igu re  3 ) .  

( 9 ) .  A band s u g g e s t i v e  of  PdZ a d s o r p t i o n  s i t e s  was seen  

Af te r  p r e r e d u c t i o n  a t  300°C and a d d i t i o n  of CO, t h i s  c a t a l y s t  showed a 
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v e r y  weak band a t  2165 cm-l which probably  ref lects  CO h e l d  on PdZ+ ions .  
c a t a l y s t  was ,  however,  one  of  t h e  l e a s t  a c t i v e  ( s e e  Tab le  1 1 ) .  
n o t  be expec ted  unde r  r e a c t i o n  c o n d i t i o n s  i n  any c a s e ,  b u t  t h e  f a c t  t h a t  a c t i v i t y  
w a s  found t o  i n c r e a s e  w i t h  i n c r e a s i n g  p r e r e d u c t i o n  of tQe c a t a l y s t s  and ,  i n i t i a l l y ,  
w i t h  i n c r e a s i n g  t i m e  on stream s t r o n g l y  a rgues  t h a t  Pd2 
p o s t u l a t e d  by  Ponec, e t  a l .  ( 2 , 6 ) ,  t h e  a c t i v e  s i tes .  

T h i s  
Unreduced Pd would 

s i t e s  a r e  n o t ,  as 

The i n f r a r e d  s p e c t r a  show t h a t  L i  a d d i t i o n  h a s  a small b u t  d e f i n i t e  e f f e c t  
on t h e  b r idged  bonding  of CO t o  Pd. 
exposed f a c e s  of Pd c r y s t a l l i t e s .  The e f f e c t  cou ld  be  e i t h e r  e l e c t r o n i c  o r  s t r u c -  
t u r a l  i n  n a t u r e .  The L i ,  i n  a p a r t i a l  o v e r l a y e r  on a Pd s u r f a c e ,  cou ld  a f f e c t  the 
e l e c t r o n i c  p r o p e r t i e s  of a d j a c e n t  Pd atoms, changing  t h e i r  subsequent  a d s o r p t i o n  of 
CO.  A l t e r n a t i v e l y ,  L i  might  promote exposure  of c r y s t a l  f a c e s  d i f f e r e n t  from those  
normal ly  p r e s e n t .  The e x i s t e n c e  of a n  e f f e c t  o f  L i  on b r i d g e  bonding of CO does 
n o t ,  of c o u r s e ,  mean t h a t  t h i s  is t h e  f a c t o r  r e s p o n s i b l e  f o r  a c t i v i t y  promotion by 
L i .  The d a t a  g e n e r a l l y  show no obvious  c o r r e l a t i o n  of a c t i v i t y  w i t h  any p a r t i c u l a r  
t y p e  of CO bonding  as r e v e a l e d  by  the  f requency  and i n t e n s i t y  of i n f r a r e d  bands 
a r i s i n g  from adsorbed  CO. 

Such bonding presumably occur s  main ly  on 

The f a c t  t h a t  wide d i f f e r e n c e s  i n  t h e  t y p e s  of CO a d s o r p t i o n  on reduced Pd 
made s o  l i t t l e  d i f f e r e n c e  i n  c a t a l y s t  a c t i v i t y  w h i l e  marked d i f f e r e n c e s  i n  a c t i v i t y  
were observed  on c a t a l y s t s  w i th  g e n e r a l l y  similar CO a d s o r p t i o n  s i tes  s u g g e s t s  t h a t  
some f a c t o r  o t h e r  t h a n  CO b i n d i n g  could  w e l l  be of major  impor tance .  T h i s  could  be 
t h e  a b i l i t y  of t h e  s u p p o r t  t o  h e t e r o l y t i c a l l y  d i s s o c i a t e  hydrogen t o  form hydroxyl  
and hydr ide  s p e c i e s  on  t h e  s u r f a c e .  Z inc  ox ide  i s  well-known f o r  i t s  a b i l i t y  t o  do 
t h i s  and ev idence  h a s  a l s o  been p r e s e n t e d  t h a t  MgO and La2O3 can  s i m i l a r l y  d i s -  
s o c i a t e  hydrogen. 
s i t e s  which e x h i b i t  th is  behav io r .  
e s s e n t i a l  f e a t u r e  needed f o r  methanol s y n t h e s i s  i n  a d d i t i o n  t o  t h e  non-d i s soc ia t ive  
a d s o r p t i o n  of  CO. The e f f e c t  of L i  may be  t o  p r o v i d e  s u r f a c e  s i tes  on s i l i ca  on 
which such d i s s o c i a t i o n  can  occur  more r e a d i l y .  F u r t h e r  work i s  p lanned  t o  i n v e s t i -  
g a t e  t h e s e  p o s s i b i l i t i e s .  Obvious ly ,  t h e  types  of  sites a v a i l a b l e  f o r  CO and  H, 
a d s o r p t i o n  under  r e a c t i o n  c o n d i t i o n s  may d i f f e r  from t h o s e  seen  on f r e s h  o r  used 
c a t a l y s t s .  
on t h i s  s u b j e c t .  Such s t u d i e s  a r e  a l s o  p lanned .  
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Pigure 3, ITIR Spectrum of CO Adsorbed on 1.5% Pd/Davison 5 7  S i l i c a  
(ex  PdCl2) 

A. CO (2.0 Torr); 
B .  After 5 min. evacuation. 

(?he background vas  mubtracted, but no corrections were 8ppl i ed . )  
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